Philippine reefs are mega-diverse but, to date, few ecosystem models have been developed to understand their dynamics and functioning. This study assessed the status of reefs in 12 municipalities of Leyte Gulf, Philippines. It is an important fishing ground experiencing degradation and impacts of supertyphoons-the strongest one was Haiyan (local name: Yolanda). Empirical and literature data were used to develop Ecopath (trophic) models and Ecosim simulations to evaluate the impacts of reduction and increase in productivity on the Leyte Gulf Reef (LGR) ecosystem. Results showed that the LGR's ecosystem is in a degraded state-dominated by small-medium herbivores and carnivores, with most productivity immediately returned to detritus. In addition, a comparative study of two Ecopath models showed that reduction in the coral cover (e.g., by Super-Typhoon Haiyan) will result in a decline in biomass of many functional groups. Changes in LGR's productivity (e.g., eutrophication) will also strongly impact most functional groups (e.g., shift to overdominance of herbivores that take advantage of algal growth and extirpation of coral reef-dependent species). Moreover, additional climate-related or human-induced disturbances on the degraded LGR will further decrease the reef's productivity. Therefore, effective recovery and management of degraded reef ecosystems is needed to sustain the LGR's productivity (e.g., reef fisheries production).
Introduction
Ecosystem Models (EcoMs such as Ecopath with Ecosim EwE) are popular tools for understanding ecosystem dynamics and are useful in management (Cisneros-Montemayor, Christensen, Arreguin-Sanchez, & Sumaila, 2012; Longo et al., 2015; Plagányi & Butterworth, 2004) . EcoMs provide an opportunity to explore scenarios regarding ecological systems' responses to change that is often difficult to test in the field for logistical, political, or financial reasons. With the increasing knowledge of coral reef ecosystem processes and the rise in computing power, dynamic trophic EcoMs are becoming widely used in assessing the effects of natural and anthropogenic stressors on reef ecosystem functions (Christensen & Walters, 2003; Christensen, Walters, & Pauly, 2005) .
In tropical countries with high diversity such as the Philippines, however, EcoMs are not well explored or applied as management tools in fisheries and coastal management. The main reasons for the general lack of Philippine EcoM exploration and applications are the deficiency of (1) independent data from regular biological and environmental surveys (e.g., systematic reef fisheries surveys); (2) basic life-history data for many species (e.g., reproduction and population growth of many Philippine reef species); (3) localized species diet composition or trophic relationship studies; and (4) reliable catch or productivity data from reef ecosystems. To date, publications on Philippine EcoMs such as EwE are few and very limited (Aliño et al., 1993; Bacalso & Wolff, 2014; Campos, 2003) . The EwE model presented in this paper is different from the previous model for Leyte Gulf (e.g., Campos, 2003) for the following reasons: (1) the current model uses a more detailed underwater reef fish survey data for 12 municipalities along Leyte Gulf; (2) it simulates the impacts of super-typhoon Haiyan (local name: Yolanda); and (3) it examines the effects of productivity changes (eutrophication).
This study achieved the following: (1) produced current estimate of the status (i.e., diversity and biomass) of reef fishes in LGR using standardized Underwater Visual Census data; (2) gained insights on the current trophic relationships and functioning of the LGR ecosystems using the static component of EwE (i.e., Ecopath Models); and (3) predicted the trajectories of changes in biomass of trophic functional groups in LGRs when subjected to super-typhoons such as Haiyan or eutrophication using the dynamic component of EwE (i.e., Ecosim). 
Materials and Methods

Study Area
This paper presented EwE models of a depleted coral reef ecosystem in the Philippines (Anticamara & Go, 2016; . The modeled reef areas focused on 12 municipalities within Leyte Gulf (approximately 130 km north-south and 60 km east-west), from the municipality of Balangiga in Eastern Samar up to the municipality of Abuyog in Leyte (Figure 1 ).
The sites were chosen because these reefs are: (1) important fishing ground with many coastal fishers heavily dependent on these for their main source of food, income, and livelihood in municipalities that are among the least developed in the Philippines (Leyte Gulf municipalities), (2) already degraded and suffering fisheries decline based on previous studies (Anticamara & Go, 2016; Go et al., 2015) , and (3) prone to super-typhoons passing through the Pacific side of the Philippines-the strongest was super-typhoon Haiyan. Thus, these reef study sites are ideal for evaluating impacts of climate change (such as super-typhoon) on already degraded but still heavily exploited reefs. Results from this study should be useful in providing insights into how to manage LGRs.
The modelled area of Leyte Gulf was surveyed from September to October in 2015 using standardized Underwater Fish Visual Census (UVC). It was conducted over 133 belt transects (Figure  1) , 20 x 5 m each (Anticamara & Go, 2016) . All belt transects were placed parallel to the reef slopes with depths ranging from 4 to 20 m. Most of the surveyed reefs were in shallow areas of about 4 to 7 m depth, with the exception of a few reef areas found at depths of about 15 to 20 m. All UVCs were conducted during daylight from around 9:00 am to 3:00 pm for 20 minutes per transect. During each UVC, all encountered non-cryptic reef fish were identified, counted, and measured in size (to nearest cm).
Model Construction
A trophic model of the reef ecosystem was constructed using the EwE software (ver. 6.4.11414.0 Equivalent to the instantaneous rate of total mortality (Z) used by fisheries biologist (Allen, 1971 ) EE Ecotrophic Efficiency The fraction of the production that is used in the system, i.e., either passed up the food web, used for biomass accumulation, migration or export Consumption/Biomass Intake of food by a group over the time period considered DC ii Diet Consumption Fraction of prey i in the diet of predator j Y Catch Fishing mortality E Emigration Net migration rate BA Biomass Accumulation Calculated as the difference between biomass at the beginning of the year and at the beginning of next year
Climate, Disaster and Development Journal 3 at http://ecopath.org/) (Christensen & Walters, 2003; Christensen et al., 2005; Pauly, Christensen, & Walters, 2000) . The basic equation for the Ecopath process is expressed as a linear equation (1) with all its components explained and summarized in Table 1 . (1)
Defining the Ecopath Model Compartments
The Ecopath model was constructed based on 18 functional groups (Table 2 ) divided into 7 fish and 11 non-fish For species with no known L-W relationships, the closest counterpart of the same maximum size was used. The fish species were then assigned their appropriate functional group conventions according to their diet. Next, fish mean weight (or biomass) was averaged across all surveyed transects. Mean biomass values for fish species belonging to the same functional group were summed to get the estimate of the total biomass (t/km 2 ) per functional group.
Fish production/biomass ( ) and consumption/biomass ( ) ratios were taken from the fish life-history data available in Fishbase (Fröese & Pauly, 2014) . Where the life-history data were insufficient or lacking, the missing parameters were calculated from Allen's (1971) equation for production/ biomass, while consumption/biomass rates were estimated using Palomares and Pauly's (1998) empirical formula.
The and values (Appendix Table 1A -B) for the non-fish functional groups were taken from literature on similar reef ecosystem models elsewhere in the Philippines (Aliño et al., 1993; Bacalso & Wolff, 2014; Bundy & Pauly, 2001; Campos, 2003) .
Diet composition data (Table 2) for the fish groups were obtained from Fishbase (Froese & Pauly, 2014) . For the non-fish species, published diets from similar systems in the Philippines were used (Aliño et al., 1993; Bacalso & Wolff, 2014; Bundy & Pauly, 2001; Campos, 2003) .
Since the linear equation (1) of Ecopath represents a massbalanced system, any missing parameters can be solved assuming three of the four input parameters (B, , , EE) are present (Christensen & Walters, 2003; Christensen et al., 2005) . Ecotrophic Efficiency (EE) is a proportion of the production used in the system. EE values for exploited fish and benthic species would have values close to 1 depending on their importance in the fisheries and/or as preys. Biomass for the rest of the non-fish groups were solved by providing EE values as suggested by Guenette (2014) . Macrophytes and its component groups were given EE values of less than 0.3. Phytoplankton, often seen to usually die off in systems where heavy blooms occur, was given an EE value of 0.5.
For the fishing effort, data were based on simple and standardized field surveys from randomly selected or referred fishers to identify frequented fishing grounds and area, duration and frequency, gear used, catch weight, species catch composition, and income. Annual catch per fishing gear was calculated as the product of the mean catch per unit effort, the estimated number of days it is operated within a year, and the observed number of fishing gears operating in the defined fishing area per municipality.
Ecopath Model Parameterization and Balancing
To balance the Ecopath model, the EE value for all functional groups should lie in the acceptable range between 0 and 1. Groups with EEs exceeding 1 should be adjusted starting from the group with the highest EE value. Adjustments were made in the unbalanced groups' original basic input parameters and diet composition in ±5% increments beginning with the less precise input values (i.e., those groups with no empirical biomass estimates from UVC).
Ecopath Model Quality Checking
Tests used to verify the realism of the Ecopath model included the Pedigree Index (PI) (Funtowicz & Ravetz, 1990) , Mixed Trophic Impact (MTI) (Ulanowicz & Puccia, 1990) , and Summary Statistics (SS) generated by the software after Ecopath model balancing. The generated SS was then used for comparison with other Ecopathmodeled systems in the Philippines.
Varying Coral Biomass and Ecosim Simulations
To simulate the effects of a climate hazard such as a supertyphoon or a human disturbance like destructive fishing practices to the ecosystem, a second Ecopath model was constructed wherein the coral biomass was halved. This was based on field observations and analyses on the impacts of super-typhoon Haiyan, which reduced most corals in Leyte Gulf by half of the pre-typhoon cover (Anticamara & Go, 2016) . For the second model, , , and EE for all functional groups were used as basic inputs (Anticamara & Go, 2016) . All other biomass values for living groups were left for estimation by Ecopath, except for the coral biomass, which was set to 9.7 t/km 2 yr based on the status of corals in the area and literature information. SS, flow diagram, MTI, and other Ecopath outputs were compared between the original Ecopath Model 1 and Model 2 to simulate how a sudden degradation of the corals affects the various functional groups.
After food web-trophic interactions and fisheries were defined in Ecopath, Ecosim was then used to predict biomasses for each modelled group through time (Christensen et al., 2005) . To evaluate changes in system production due to climate change or other anthropogenic activities, forcing functions for primary production were simulated for 50 years starting from 2016 up until 2065. Twelve scenarios were applied to the model to represent changes in primary productivity from a decrease of 30% to an increase of 30% in 5% decrements or increments relative to the base Ecopath model. Ecosim outputs were then used to map-out which functional groups respond greatest to changes in productivity and to quantify their relative rates of change. 
Results
Community Structure, Trophic Flows, and Interactions
From the UVC of 133 transects across Leyte Gulf, a total of 21,120 fish individuals were recorded, comprised of 152 distinct species belonging to 28 fish families. For EwE modeling purposes, the 152 fish species were assigned to seven fish functional groups based on their feeding habits as identified in Fishbase (Table 2 and Appendix Table 1A-B) .
The balanced Ecopath model indicated that the Leyte Gulf ecosystem was heavily supported by trophic levels 1 to 3 in terms of biomass, for both the original Ecopath model 1 and the halved coral biomass Ecopath model 2 (Figure 2A-B) . Although there were no visible differences in the food web ecosystem structure as depicted in the trophic flow diagram of Ecopath models 1 and 2 outputs (Figure 2A-B) , the biomass of most major functional groups were reduced to about half in Ecopath model 2 when the coral biomass was halved (Appendix Table 1A -B). Both Ecopath models 1 and 2 showed that the LGR ecosystem was heavily supported by macrophytes, benthos, phytoplankton, molluscs, and coral in terms of biomass (Appendix Tables 1A-B) . In terms of fish biomass, both Ecopath models 1 and 2 indicated that the ecosystem was heavily supported by the carnivores and herbivores ( Figure 1A-B, Appendix Tables 1A-B) . Most of the major contributors to the LGR ecosystem biomasses (both fish and non-fish functional groups) suffered great reductions to about half when coral biomass was reduced (Appendix Tables 1A-B) .
In addition, both Ecopath models 1 and 2 showed that the majority of the primary production and detritus consumed by the upper trophic levels (TLs) were immediately recycled back to detritus and a relatively small portion of Total System Throughput (TST) was passed through the next higher TLs (III-V)-indicating a relatively short food chain and rapid biomass recycling ( Figure 3A-B) .
Moreover, for both Ecopath models 1 and 2, the MTI plots showed that detritus had a strong positive impact on other functional groups in the LGR ecosystem, while fish carnivores had strong negative impacts on other functional groups in the LGR ecosystem ( Figure 4A-B) .
Ecopath Model System Properties
The balanced Ecopath models 1 and 2 showed a TST value of 16,922 and 8,665 t/km 2 yr, respectively (Table 3) . About one third of the annual TST of Leyte Gulf was recycled back to the detritus as flows, while about one third of TST supported the consumption and exports of the ecosystem (Table 3 ). The Total Net Primary Production (NPP) of Leyte Gulf ecosystem was about less than half of the TST for both Ecopath models 1 and 2 (6,799 and 3,479 t/ km 2 yr, respectively) ( Table 3) . Estimated Finn's Cycling Index (FCI) for both Ecopath models 1 and 2 was 4.96 (Table 3 ). The Connectance Index (CI) was similar (0.38) for both Ecopath models 1 and 2 (Table 3 ). The system Omnivory Index (OI) was quite similar for both Ecopath models (0.25 and 0.24, respectively) ( Table 3) . When compared to published reef Ecopath models, the current Ecopath models 1 and 2 showed lower FCIs but higher TST values compared to both Danajon Bank and San Miguel Bay and lower TST compared to Bolinao (Table  3 ). In addition, when compared to other reef ecosystems in Asia, Pacific, and Caribbean, Ecopath models 1 and 2 showed much lower TST values (Table 3) . Overall trends in terms of sum of consumption, exports, and flows to detritus appeared generally similar between LGR and other Philippine Ecopath models in terms of proportion relative to TST (Table 3 ). 
Ecopath Model Quality
Ecopath models 1 and 2 showed no functional group having an EE value of greater than 1 when balanced (Appendix Table  1 ). All EE values lie in reasonable ranges, with the highest TLs (apex predators) having smaller EEs; and conversely, small organisms or lower TL groups with considerable predation pressures had EEs closer to 1. No functional group had a gross food conversion efficiency or value higher than 0.3 and all were less than the net efficiency.
Biomass estimates for fish groups in both Ecopath models 1 and 2 constructed here were based on primary sourced UVC fish survey data. and values were taken from similar ecosystems. From our sensitivity analyses, both Ecopath models 1 and 2 have PIs of 0.536 (Table 3) . Based from Morissette's (2007) worldwide compilation and study of 150 published Ecopath models whose PI's ranged from 0.164 to 0.675, the current Ecopath models 1 and 2 were considered good and was situated within the higher ranges of PI values.
Ecosim Simulations of Primary Productivity and Associated Changes
Ecosim simulations of reduced productivity (i.e., all scenarios from -5 to -30%) indicated that the functional groups in Leyte Gulf ecosystem would decrease in biomass from about 15 to 30% (Figure 5 ). In particular, herbivores, cephalopods, macrophytes, urchins, and planktivores showed an average 30% reduction in biomasses. It is also observed that an important decrease (simulated decreases of 5% decrements) in productivity will lead to greater corresponding biomass reduction of sensitive functional groups ( Figure 5 ). Figure 5 . Projected biomass value changes in response to different scenarios of decreasing and increasing (-30 to +30%) primary productivity after a simulation period of 50 years . Functional groups for each scenario are arranged top-down as they also appear numbered in Table 2 . Colored bars are selected functional groups that had the greatest mean response to primary productivity changes.
On the other hand, Ecosim simulations of increased productivity (i.e., all scenarios from +5 to +30% increase) indicated that most (90%) functional groups would show greater than or equal to 20 to 40% increases in biomass, in particular the low trophic ones ( Figure 5 ). Benthos feeder, piscivore, cephalopods, detrivores, and urchin were the top five functional groups that showed the greatest increases when productivity was increased.
Discussion
LGR Ecosystem: Structure, Flow, Interactions, and Properties
Overall, Ecopath models 1 and 2 showed that the Leyte Gulf ecosystem is a degraded system as evident in the following: (1) the dominance of small-medium herbivorous and carnivorous fish species, (2) the low TST levels compared to other relatively healthy reef/coastal ecosystems, (3) short food chain and low biomass accumulation at higher TLs, and (4) rapid conversion of most productivity back to the detritus.
Based on the UVC conducted across Leyte Gulf, most of the reefs and coastal areas included in the surveys had low fish density and biomass, and were mostly dominated by small-medium bodied species (e.g., parrotfishes, snappers, surgeonfish, wrasses, and rabbitfishes) (Anticamara & Go, 2016; Anticamara, Go, Ongsyping, Valdecañas, & Madrid, 2015; Go et al., 2015) . In addition, majority of the reefs that were surveyed had low coral cover, partly due to destructive fishing in most reefs (e.g., use of dynamite and bottom trawl) and the frequency of strong typhoons impacting the reefs in Leyte Gulf in recent times (Anticamara & Go, 2016) .
TST estimates based on Ecopath models 1 and 2 confirmed the degraded state of the ecosystem compared to other reefs in the Caribbean and the Pacific (Arias-Gonzalez, Delesalle, Salvat, & Galzin, 1997; Arias-González, Nuñez-Lara, González-Salas, & Galzin, 2004; Okey et al., 2004) . When compared to other Philippine Ecopath models, TST estimates indicated that LGR is less degraded compared to other reefs modelled in the Philippines such as Danajon Bank (Bacalso & Wolff, 2014) and San Miguel Bay (Bundy & Pauly, 2001 ), but appeared to be more degraded compared to the outdated Bolinao Ecopath model (Aliño et al., 1993) . Field observations of Bolinao based on recent UVC indicated that it seems as degraded as Leyte Gulf to date Go et al., 2015) .
Moreover, Ecopath models 1 and 2 indicated that the ecosystem operated through a short food chain, where most of the productivity was rapidly converted back to detritus, and only a small amount of lower TL group biomasses was assimilated by higher TL groups. Other reefs in the Caribbean have also demonstrated similar trophic structure and flows which may suggest a typical functioning of a reef (Arias-Gonzalez et al., 1997; Arias-González et al., 2004) . However, in the case of LGR, the rapid recycling of biomass back to detritus was driven mainly by the lack of top and intermediate TL species that can optimize energy assimilation and conversion to higher TLs.
Ecopath models 1 and 2's CIs, OIs, FCIs also suggested the degraded state of the LGR ecosystem compared to other less exploited sites (Table 3) . However, it is very difficult to interpret most of the current estimates and ecosystem properties obtained here because of the lack of comparable Ecopath models of intact and more mature ecosystem in the area. Most of the Marine Reserves (MRs) or no-take zones that were surveyed in Leyte Gulf did not have marker buoys on their boundaries so it is hard to determine which sites were
Conclusions
There are three key findings about the current and plausible scenarios for Leyte Gulf ecosystem: (1) LGR ecosystems are in a degraded state dominated by few and small-medium herbivores and carnivores; (2) reduction in live coral cover due to typhoons will cause a decline in biomass of many functional groups in LGR; and (3) changes in productivity (e.g., eutrophication) will impact most functional groups in LGR. Thus, there is a great need to improve the recovery and management of coastal and marine resources in the area to sustainably support the increasing demands for fisheries production and livelihood in Leyte Gulf, while mitigating further ecosystem degradation. This study also suggests that there is a great need to develop appropriate management responses and recovery and adaptation strategies in Leyte Gulf considering the depleted status of its coastal marine resources and the impending further declines brought by climate change and human-induced disturbances. Moreover, this study highlights the need to develop systematic monitoring of coastal marine ecosystems and trophic structure and functioning in Leyte Gulf in order to generate sufficient empirical data useful for developing more accurate EwE models and effective recovery and management strategies in the area.
inside the well-enforced MRs and which ones were outside.
Effects of Halving Corals on LGR Ecosystem
Comparison of outputs of Ecopath models 1 and 2 gave insights on possible responses of functional groups in the ecosystem when coral biomass is halved. The results showed that most of the LGR ecosystem structure, trends in energetic flows, strength in interactions, and system properties were somewhat roughly maintained, but mostly just slashed to half their original values in Ecopath model 1. This is important to know since, in recent times, the LGR ecosystems have been subjected to super-typhoons that halved the coral cover in most reefs after impacts (Anticamara & Go, 2016) . In addition, after every typhoon, most of the relief and government agencies that responded to the impacted areas in Leyte Gulf supported affected populations by giving more fishing boats and motor engines. This support is ironic since the scenario implemented in Ecopath model 2 suggested that such an investment will simply be wasted, as fish production in the system will considerably decrease due to heavy coral cover destruction in the areas after the typhoon. Perhaps diversified alternative livelihoods or post-typhoon reef recovery plans will be better investments in the LGR ecosystem, or in the Philippines in general, while waiting for the corals and the reef productivity to recover after a typhoon.
Simulations of Primary Productivity Changes and Impacts on LGR Ecosystem
Ecosim simulations showed that reductions in primary productivity of LGR across various defined scenarios led to reductions in biomasses of many important functional groups in the area. Specifically, a range of productivity reduction scenarios from -5 to -30% was predicted to have mostly greater than or equal to 30% biomass reduction in the top five productivitysensitive functional groups of LGR. In contrast, Ecosim simulations of productivity increases in LGR yielded greater than or equal to 37% increases in biomasses of most functional groups in the system. This is an important insight since it was observed from field surveys that most of the reef ecosystems in Leyte Gulf had experienced increases in algal cover, especially after strong rainy days and typhoons, due to the nutrient runoff from nearby agricultural lands and urban areas. In addition, most of the coastal areas of Leyte Gulf have lost its forest cover from the conversions of vast expanse of coastal forests into coconut plantations. This means that most likely, in the following years, the nutrient run-off in Leyte Gulf will intensify as (1) more agricultural lands are fertilized indiscriminately; (2) more urban areas will dump untreated sewage into the coastal ecosystem; and (3) more coastal forest are denuded in the area. Ecosim predicted that the most likely response to primary productivity increases (the most plausible scenario for Leyte Gulf) will be a general increase in biomasses of most functional groups. However, it was not determined what exactly will be the implications in terms of coastal phytoplankton blooms (e.g., harmful algal blooms [HABs]), changes in ecosystem structure and functioning or other potential related ecosystem responses after intensified primary productivity increases, in areas where most consumers of excess primary productivity were mostly depleted. Several HABs have been reported in coastal areas of the Philippines, but most of these reports have not quantified trophic impacts and even the dynamics of phytoplankton and zooplankton communities during and after the bloom (Azanza & Taylor, 2001; Hallegraeff, 1993; Wells et al., 2015) LGR ecosystem EwE models: Implications Ecopath models 1 and 2 provided insights on how such a degraded and depleted ecosystem is functioning in terms of trophic structure, flow, interactions, and system properties. In addition, they provided useful perspectives on the current state of reef degradation and the need to closely monitor the endangered reef ecosystems in Leyte Gulf in case of further climate-related changes and overfishing impacts. The current state of the Leyte Gulf ecosystem calls for implementation of effective recovery and management strategies such as the following: no-take MRs, fishing closures for depleted populations, active recovery of coral cover, and prevention of unregulated nutrient run-off of the inputs into the system.
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